Background. Objective assessment of wall motion (M) and thickening (T) will aid in diagnosis of coronary artery disease (CAD) from myocardial perfusion SPECT (MPS). We aimed to develop and validate an improved fully automated M/T segmental scoring system for MPS.
INTRODUCTION
Myocardial perfusion SPECT (MPS) provides valuable information about both perfusion and function of the left ventricle (LV). We have previously developed optimized methods for automated perfusion scoring, which have high performance in detection of coronary artery disease (CAD). 1 Accurate regional assessment of contractile function is also of great importance since it could further enhance the detection of CAD 2 and provide additional prognostic information. 3 Automated assessment of regional three-dimensional left ventricular function can provide highly reproducible objective and rapid assessment of regional parameters. In contrast, visual segmental scoring is laborious and is associated with significant inter-and intra-operator variability. We aimed to develop and validate an improved fully automated motion (M) and thickening (T) segmental (AHA 17-segment) scoring system for MPS, which is based on analysis of normal values in patients with lowlikelihood (LLk) of disease and quantitative deviations from normal thresholds without training the system by subjective expert observer scoring in abnormal patients. 4 Such a method allows us to compare the automated performance to the expert scoring in a large population and potentially demonstrates advantages over visual scoring. Furthermore, by this approach we remove the subjective aspect associated with training the system with a particular visual perception of functional abnormalities.
MATERIALS AND METHODS

Patients
In brief, the subjects were consecutively selected from the patients who were referred to the Nuclear Medicine Department, Sacred Heart Medical Center, Eugene, OR, USA from March 1, 2003 , to December 31, 2006, for rest and stress electrocardiography (ECG) gated MPS. The LLk studies were obtained from patients who performed an adequate treadmill stress test, did not have correlating coronary angiography available, but had \5% likelihood of CAD using the Diamond and Forrester criteria based on age, sex, symptoms, and ECG response to adequate treadmill stress testing. 5 In the group with angiographic correlation, all patients with a prior history of CAD, cardiomyopathy, significant valve disease, left bundle branch block, and paced rhythm were excluded. Gated MPS and coronary angiography had to be performed within 60 days without a significant intervening event.
With these selection criteria, a total 971 studies were identified for the purpose of this study. This population consisted of two sub-groups of patients: 630 patients with gated stress MPS and correlative angiography as described above and 341 patients with gated MPS and LLk of CAD who were classified as normal. The clinical characteristics for all patients in this study are summarized in Table 1 . For the normal limit development, the first 100 LLk cases have been used and the rest of the LLk studies (241) were used during the evaluation of the program. All angiographic patient characteristics are given in Table 2 .
Image Acquisition and Reconstruction Protocol
The details of image acquisition and tomographic reconstruction have been previously described. 6 In brief, studies were performed using standard 99mTc-sestamibi rest/stress protocols. Data were acquired on a Vertex, dual-detector Only gated stress images were used in this analysis. All subjects were imaged at 60 minutes following the administration of Tc-99m sestamibi at rest, followed by stress images taken at 15 to 45 minutes after radiopharmaceutical injection during stress protocol (exercise, adenosine, or adeno-walk).
Tomographic reconstruction was performed by use of the AutoSPECT software. 7 Emission images were automatically corrected for non-uniformity, radioactive decay, and motion during acquisition, and subjected to 3-point spatial smoothing. The alignment of the projection data to the reconstruction matrix was applied to determine the mechanical center of rotation. Data was reconstructed by the filtered back projection method using Butterworth post-filters with an order of 10 and a cutoff of 0.66 for stress MPS. Time binning was performed both into 8-bin (71%) and 16-bin (29%) datasets. 31 out of 341 LLk cases were acquired into 8-bin datasets. Attenuation correction was not performed on gated images.
Coronary Angiography
Coronary angiography was performed using the standard Judkins method. All coronary angiograms were visually interpreted by experienced cardiologists. All data has been divided into significant and insignificant stenosis based on coronary angiography interpretation. Significant stenosis is classified as C70% stenosis in any vessel or C50% in left main artery. The number of vessels diseased were defined as the number of vessels with C70% stenosis (left main C50% was considered as two vessels).
Computational Methods
100 Normal 8-bin gated stress/rest Tc-99m sestamibi MPS scans from patients with LLk of CAD were used to derive the regional normal M/T ranges. We analyzed the normal distribution of the polar map M and T parameters in polar map coordinates obtained after automated detection of the LV by the QGS algorithm. 8 Regional motion in millimeters (mm) was defined as the distance between end-diastolic (ED) and endsystolic (ES) mid-myocardial surface in the direction normal to the mid-myocardial surface for each polar map location. Thickening at each polar map point in % was defined as the increase of myocardial thickness (distance between the endocardial and the epicardial surface) at the ES phase as compared to the ED phase, and also in the direction of the mid-myocardial surface normal. 9 In a previous study, our group noted significant heterogeneity of normal limits, 9 and attempted the development of abnormality criteria by maximizing agreement with a visual reader. 4 In this study, we approach this problem differently. Instead of maximizing the agreement with the reader, we analyze the LLk population alone to determine the normal distribution of motion both regionally and in relation to the apparent global motion of the LV. Such an approach has the advantage of being independent of subjective visual scoring, which is highly variable. In a normal population, there is significant variation of the apparent left ventricular motion and thickening manifested by variable ejection fractions (EFs) above normal range primarily due to the partial volume effects. 10 In our normal LLk patients, that range was 45%-87%. Furthermore, there are significant regional variations of the normal distribution in motion 11 and thickening. 9, 12 Normal limits can be established regionally in a traditional manner with mean ± standard deviations; however, variations would be very wide since global motion and thickening is highly correlated with EF, which is influenced by partial volume limitations. 9 In order to circumvent this problem, we have redesigned the approach to the development of normal limits. This new approach is detailed below.
We have analyzed the normal regional segmental motion and thickening dependencies of the EF in the group of LLk patients. We have found that for all segments, there is a strong linear correlation of local motion and thickening parameters with the global EF values even if the EF values were all normal. The regional-to-global correlations were positive as expected, and significant for all segments. Therefore, the linear regression analysis 13 was performed for each of the 17 AHA segments for motion and separately for thickening. The average expected segmental motion (M i ) and thickening (T i ) in a given patient was estimated for each segment (i) as follows:
where IT i and IM i are the linear regression intercepts for motion and thickening, respectively, and SM i and ST i are the respective motion and thickening slopes for each segment derived from the regression analysis. Consequently, the standard deviations of the residuals of the motion and thickening estimates for the fitted regression lines are defined as 14 :
where N is the number of subjects (N = 100) and EF n is the EF for each subject. Subsequently, we estimated the expected lower normal limits for motion and thickening (LLM i , LLT i ) for each segment (i) as the 95% linear confidence limits below the regression line as follows.
Therefore, the normal motion and the thickening limits obtained in such a manner were decreasing with lower normal EF. From our LLk data, we determined that normal EF values were C50% and therefore this was assumed to be the minimum value in the Eq. 1 and 2. This approach ensured that lower normal limits for a given patient match patient EF, otherwise high EFs in normal LLk population would be skewing upward the average normal limit values.
A new automatic scoring algorithm, which incorporated these linear regression relationships locally in polar map coordinates, has been implemented. The severity of motion and thickening for each polar map location is calculated in SEM i , SET i units below the regression line, linearly normalized between the lower normal limit values (LLM i , LLT i ) and the maximal abnormality (B1 mm motion corresponding to motion score 4 and B5% thickening corresponding to motion score 3). In addition, any negative motion was assigned a score of 5. Note that this method does not require any training or input of the expert visual observer 4 and it is based purely on the analysis of the normal characteristics of the LLk cases with normal function. The software automatically derives 17-segment M scores based on the severity number of SE units (scale 0-5): 0 normal, 1 mildly hypokinetic, 2 moderately hypokinetic, 3 severely hypokinetic, 4 akinetic, and 5 dyskinetic; and T scores (scale 0-3), 0 normal, 1-mildly/equivocally abnormal, 2-moderately to severely/definitely abnormal, and 3 no systolic wall thickening. 15 
Visual Scoring and Analysis with Previous Quantitative System
To validate this new automated scoring method by comparison to expert visual scoring, we performed manual 17-segment M and T scoring by two independent observers with 12 and 30 years of experience in nuclear cardiology, both board certified in nuclear cardiology, blinded to clinical and angiographic data and to any software analysis. These two experts (SD and MF) scored M/T visually in 17-segments for all 971 studies on the 0-3 scale for thickening and 0-5 scale for motion as previously described. 15 This process took several months.
For comparison, we also analyzed all the data with a previously developed regional M/T scoring system, which was based on training by a visual observer. This development is described in detail in previous publications from our group. 4, 9 Automatic Processing All cases were processed with QGS software, which automatically detects the left ventricular endocardial and epicardial contours as previously described. 8 Subsequently, these contours were used to provide the input for the new M/T scoring system as described above. Two experienced technologists blinded to any clinical or software results verified the placement of the contours by the automated algorithm in two separate sessions. In the first session, adjustment was judged to be necessary in 161/630 angiographic cases (25.5%) of the cases and in 42/341 LLk cases (12.4%). Majority of these were subjective minor adjustments at the valve plane and not necessitated by algorithmic failure. Repeated verification of contour placement was performed by a different technologist to test the reproducibility of the system in the angiographic group with 78/630 contours adjusted (12.3%). All other processing was fully automated.
Statistical Analysis
Analyze-It software within Microsoft Office Excel (version 2.10) was used for all statistical computations. Receiveroperator-characteristic (ROC) curves were analyzed to evaluate the diagnostic performance of summed M and T scores. The differences between the receiver-operator-characteristic areas under the curves (ROC-AUC) were compared by Analyze-It statistical package using the Delong-Delong method. 16 One sample proportion test in STATA 10.1 was utilized to compare proportions of abnormal scores. Linear regression, BlandAltman, and Kappa analyses were performed with linear weights by Analyze-It statistical package.
RESULTS
Computation time was
\1 s per case on the 64-bit PC computer with Intel Xeon X5450 processor operating at 3 GHz. The process was fully automated and performed in batch mode for all 971 cases simultaneously with automatic dump of the results to the Microsoft Excel spreadsheet. The processing time of the entire cohort was approximately 20 minutes.
Agreement with Visual Scoring
In the angiography group, there was a high correlation between the summed scores (averaged for two observers) and the automatic scores with r = 0.91 (slope = 1.02, offset = 0.20; P \ .0001, standard error = 3.5) for M and r = 0.88 (slope = 1.056, offset = 0.28, standard error = 2.7; P \ .0001) for T (Figure 1 ). When these correlations were assessed separately for 8-and 16-bin cases, the 8-bin correlations were slightly higher for M (r = 0.92 for 8-bin vs r = 0.89 for 16-bin, P = .043) and for T (0.89 for 8-bin vs 0.85 for 16-bin, P = .044) probably reflecting the fact that the LLk data used in the development of normal limits were 8-bin. However, 8-or 16-bin r values for M or T were not significantly different from respective r values for the whole population. Correlations between the average users' scores and the previous automatic method for M (r = 0.88, slope = 0.99, offset = 0.8, standard error = 3.9; P \ .0001) and T (r = 0.83, slope = 1.13, offset = 0.73, standard error = 3.6; P \ .0001) scoring were lower with higher offsets. The lower offsets reflect better specificity of the new system in normal studies. Weighted kappa was 0.63 ± 0.01 for M and 0.57 ± 0.01 for T scoring in individual segments (n = 10710) as compared to the average of two expert observers (Tables 3, 4) . For the previous implementation of the system, 4 weighted kappa values of 0.58 ± 0.01 for M and 0.55 ± 0.01 for T were lower than for the new system, especially for motion.
Reproducibility of Visual and Automated Scoring
By Bland-Altman analysis of the scores from the two observers, the 95% confidence intervals (CI) for summed M (-9.3 to 12.3, bias = 1.5) and T (-6.6 to 7.6, bias = 0.5), visual scores were significantly wider than CI for the software (M: -2.4 to 2.4, bias = 0; T: -2.0 to 1.8, bias = -0.1). The correlations of summed visual scores between two observers for M and T scores ( Figure 2) were lower than the correlations between two tests for automated software with two different technologists performing contour check (Figure 3) . Furthermore, visual correlation between two observers for both M and T ( Figure 2) were lower than the correlation of averaged reader scores with the software (Figure 1 ). In addition, the readers' correlations, unlike software correlations had slopes significantly different from unity (slopes 0.68 for M and 0.59 for T), reflecting the individual subjectivity of abnormal motion and thickening scoring.
By kappa analysis, weighted kappa between two experts was 0.45 ± 0.01 for M, with expected agreement of 89%, and 0.52 ± 0.01 for T with expected agreement of 89% (Tables 3, 4) , which was lower than the kappa for the agreement between the system and the two observers. The linear kappa and agreement between two contour checks for the automated software were significantly higher for the both M (0.96) and T (0.95) scoring.
The normalcy rate (summed M or T score \3) in LLk in the remaining 241 cases was 98% (236/241) with a maximal score of 12 for automated M and 99% (238/ 241) with a maximal score of 4 for T. The normalcy rate of the visual scores for the average of two observer scores was 97% (234/241) for M and 98% (236/241) for T, which was not significantly different from the automated normalcy rates. The normalcy rates of the previous system were 85% (205/241) with a maximal score of 18 for M and 87% (210/241) with maximal score of 13 for T. Both M and T normalcy rates for the old system were significantly lower than the respective normalcy rates for the new system and for the visual scores.
The percentage of abnormal summed M and T scores for LLk cases, cases with stenosis \70% stenosis (0-vessel), and 1-to 3-vessel disease cases is shown in Figure 4 . When compared to the previous system, the number of abnormal M and T scores were significantly reduced in cases with no disease (12% vs 24%, P \ .001 for M and 8% vs 17%, P \ .05) and in cases with disease (57% vs 60% for M and 51% vs 50% for T scores, P = NS). A comparison of the receiver operator characteristics (ROC) curves for the detection of angiographically significant disease in 630 cases by summed M/T scores for the new algorithm, the observers, and the previous method is shown in Figure 5 . Corresponding areas under the ROC curve (ROC-AUC) are listed in Table 5 . The automated system had diagnostic performance similar to individual experts in M scoring and outperformed one expert when T scores were used. A combination of two visual expert readings outperformed the automatic system for M, but not for T scoring. The M/T ROC-AUC for the previous method were significantly lower than for any of the visual observers, combined visual scoring or the new system.
DISCUSSION
In this study, we have presented the design and validation of the improved scoring system for regional left ventricular motion and thickening derived from MPS. In particular, we have designed a new method for the establishment of lower normal limits for the motion and thickening based on the relationship between the global left ventricular EF with regional segmental values. We found both the regional and the global heterogeneity of the normal limits, and applied linear regression analysis to remove the regional dependence on the apparent variable global contractility in normal subjects. This approach does not require training by the visual reading of scores and is purely algorithmic in design. The normal limits are established only from the LLk normal data. It should be noted that high normal EF may often occur due to partial volume effect for smaller hearts, 10 and the correction of the normal limits for the global apparent contractility addresses this problem. The scoring of M and T is assumed to be linear between lower limits (at score 1) and upper scores bounded by the physical limits (no evidence of motion or thickening).
Despite the fact that no specific training by observers' visual scoring has been performed, the agreement with visual scoring has been improved over the existing method, which explicitly maximized the agreement with the visual observer during the system training. In particular, the specificity and normalcy rate of the new system are significantly improved as compared to the previous algorithm. One of several explanations for this is that the visual observers in this study were different and were experienced nuclear cardiology practitioners. Furthermore, in the previous approach, normal thresholds were established by adjusting the number of standard deviations (from 1.0 to 3.4) based on abnormal visual scores. However, fundamentally the standard deviation of motion or thickening values in normal subjects reflects the actual variability of the normal images. The adjustments of the threshold values were most likely caused by an insufficient number of normal scans in the lower range of normal EFs used in previous development. In addition, previous work was optimized for 20-segment scoring, and subsequently the algorithm for conversion from 20-to 17-segment was used. 17 However, since this conversion method can be used for both manual and automatic scores, and was shown to have high accuracy previously, this is likely a minor factor.
We have compared the developed system to the expert visual observer scoring-currently the only available gold standard for the regional magnitude of M/T abnormalities. We have obtained visual scores from two experienced observers both practicing nuclear cardiology in a large group (n = 971) group of patients. These scores were obtained over a period of a few months and involved significant time effort from these physicians. Physicians were blinded to the clinical, angiographic, and computer analysis information; therefore, the scoring is based on the images alone. Despite the considerable experience of the observers, we have found a significant inter-observer variability especially in the magnitude of the abnormal scores. We have previously found similar levels of the intra-observer variability for the wall motion and lower intra-observer variability for the thickening scoring. 18 In that previous study, scoring was performed by one experienced observer and the percentage of normal studies was higher in that work. Others have found lower variability in a smaller study, 19 but the user in that work was already aided by the quantitative system. This underlines the high subjectivity of the abnormal visual score assignment process and the need for the automation of this process.
To provide another validation standard, which is independent of visual scoring, we have utilized the angiographic information available in 630 cases. Poststress regional wall motion abnormalities are significant predictors of coronary disease, as shown by exercise stress Tc-99m-gated SPECT MPI 2 and the association between wall motion and perfusion defects has been previously demonstrated. 20 Severe disease has also been identified by visual analysis of wall motion abnormalities by consensus of two observers. 21 We have compared the visual and the automated methods with respect to detection of significant CAD. The ROC-AUC for CAD Table 5. detection by the new automated T scoring was higher than the ROC-AUCs for one the observers and the previous method. Otherwise, it was not statistically different from the other observer or combined scores from both the observers. The ROC-AUC for the average of the two observers for M was slightly higher for M scoring than for the new automated system. It should be noted that the average reading of two experienced observers is not practical in clinical routine. In addition, when compared to individual observers, the automated system performed better or equivalent in CAD detection for M scoring. These findings illustrate the fact that independent observers perceive motion and thickening differently and apparently in a complementary fashion. When compared to the previous system, the ROC-AUCs were significantly higher due to the increased specificity of the new approach, and reduced false positive scores in cases with no disease. We have also found, as expected, that the automated average summed M and T score values were increasing with an increasing number of diseased vessels.
The automated system demonstrated very high reproducibility (r C 0.98) for both M and T scoring. Variability of the automated system occurs due to the subjectivity of contour placement in the minority of the cases and is significantly lower than variability of the visual scoring for both the motion and the thickening. This is primarily because the detection of the epi-and endo-cardial contours is highly reproducible. 22 The 95% confidence limits are over 3-4 times lower for the automated method for the summed scores when compared with manual scoring (Figure 3 ). This is despite the fact that the number of cases identified as requiring manual adjustment was significantly different for the two technologists (78 vs 161). Such high reproducibility is the primary advantage of the automated system as compared to the visual scoring.
The principal implication of this development is that the improved motion and thickening quantification system allows reliable, highly reproducible scoring, which is equivalent to expert visual scoring for the detection of regional wall motion and thickening abnormalities. Such automated scoring can be performed in a fraction of the time required for the visual scoring. The only manual step required is the visual contour check, which can be performed rapidly by an experienced technologist. This step is highly reproducible. Presumably, the visual contour check workload and overall reproducibility can be further reduced by the use of the quality control flag. 23 In view of these results, the use of the automated scoring system can be recommended for clinical trials and routine clinical practice.
This study has several limitations. We have focused on the development and validation of improved M/T scores, and we compared this new development to the current practice (visual scoring). We did not evaluate the incremental value of the new scoring in addition to quantitative perfusion measurements. Further studies could evaluate the combination of the improved automated motion and perfusion analysis for the optimal detection of CAD. 24 We did not evaluate the use of the new fully automated scoring system in combination with expert observer scoring-it is conceivable that such a combination would result in enhanced accuracy in detection of CAD-similar to what we observed when the scores from two different observers were averaged. This, however, would require additional time-consuming reading sessions in which the user would be provided with the results of the new automated scoring system. In addition, our training dataset consisted of 8-bin data and slightly higher correlations were observed for 8-bin data than for 16-bin data. It is conceivable that separate LLk limits for 8-and 16-bin data could result in further improvement of this method for 16-bin datasets. We did not perform external direct validation by other modality of wall motion and thickening (e.g., echo, 25 
CT
26 or MRI 27 ); however, it would be unrealistic to obtain such data in a large population. Furthermore, these other modalities have their own limitations and the direct comparison may be compromised especially if two separate stress scans are performed. Therefore, we believe that the reference standard used here- Table 5 . ROC areas under curves (see Figure 5 ) for the detection of angiographically significant CAD disease by M and T for individual observers (Obs1, Obs2), combined observers (Obs1 ? Obs2), automatic system (Auto) and previous system (Prev) segmental scoring by two experienced board certified observers and angiography results-realistically represent the best possible validation for this study. Only stress studies were considered in this analysis and the study population excluded patients with known CAD and infarcts. We have trained the data on the normal LLk cases obtained on the standard dual-head SPECT camera with filtered backprojection, and considered the fact that normal ranges need to be correlated with normal EF which is highly variable. This assumption needs to be verified for the new high-resolution SPECT cameras, for data reconstructed with new resolutionrecovery techniques and for PET/CT data in further studies. Furthermore, we have used data from a single center only; however, algorithmic approach as opposed to visual training is unlikely to produce significantly different results in population from other centers.
CONCLUSION
We demonstrated that improved fully automated scoring of MPS regional ventricular function is highly correlated with expert visual scoring, and can outperform an experienced observer in the detection of significant CAD by wall thickening. 17-segment visual motion and thickening scoring from MPS is associated with significant inter-observer variability, and we therefore recommend automated scoring of these features.
